Garcinia mangostana, often referred to as "mangosteen," is a fruit grown in Southeast Asia, and has been used for centuries as a local beverage and natural medicine. Its bioactive compounds, xanthones (i.e. gartanin, α-mangostin, etc), have reported effects on ailments ranging from skin infections and inflammation, to urinary tract infections. We demonstrate that mangosteen xanthones (i.e. gartanin and α-mangostin) at pharmacologically achievable concentrations inhibit the growth of cancer cell lines from different stages of human urinary bladder cancer. The growth inhibitory effects of gartanin in mouse embryonic fibroblasts (MEFs) are at least in part dependent on the existence of p53 or TSC1. Indeed, further studies have shown that gartanin treatment of bladder cancer cell lines T24 and RT4 resulted in a marked suppression of p70S6 and 4E-BP1 expression and induction of autophagy, suggesting the inhibition of the mTOR pathway. In addition, gartanin down-regulated the expression of Bcl-2 and activated the p53 pathway leading to apoptosis induction. Together, these results suggested that gartanin is a multiple targeting agent that is suitable for further study into its chemopreventive properties for human urinary bladder cancer.
Background
Bladder cancer is the fourth most common cancer in men and eighth most common in women in the United States. There will be an estimated 73,510 new cases of bladder cancer and 14,990 related deaths during 2012 (1) . In addition, the estimated prevalence is over 500,000 with recurrence rate up to 85% (2) . The psychological and economic burdens of human bladder cancer management on the health care system are substantial because of the high frequency of tumor recurrence, the lifetime need for surveillance and the treatment of recurrent tumors, and the high cost of complications associated with treatments. (3) .
Therefore, a significant reduction of bladder cancer occurrence and recurrence would be a definitive way to easing the burden of bladder cancer.
Chemoprevention is an approach to impede, arrest, or reverse carcinogenesis by administration of natural or synthetic agents before a complex series of genetic and epigenetic events leads to invasive and metastatic malignancy (4) . Although proof of principle for chemoprevention approach in reduction of cancer occurrence and recurrence has been clearly demonstrated in both animal and clinical studies (5) (6) (7) , there is insufficient evidence to make a routine recommendation of any chemopreventive agents for the population at risk to prevent cancer yet. This is because existing chemopreventive agents are not ideal. Either they lack efficacy and potency or have toxic side effects that preclude widespread, long-term use. Therefore, development of new chemopreventive agents is one of the top priorities in the field of cancer chemoprevention. Ideal chemopreventive agents should contain several important features, including high potency, low or no toxicity, known mechanisms of action, low cost, and human acceptability.
Most epidemiological studies report an inverse relationship between fruit and vegetable intake and bladder cancer risk (8) (9) (10) , suggesting dietary components are rich sources for new chemopreventive agents. Garcinia mangostana (mangosteen), "The Queen of Fruits", has been consumed as food and medicine by Southeast Asians for centuries (11) . As a folk medicine, mangosteen has been used for treatment of variety of conditions, including skin infections, wounds, dysentery and urinary tract infections (11) . Recently, mangosteen products have become popular in the United States and have been sold as a health drink or dietary supplements in capsule and tablet form (12, 13) . Studies from cell cultures and animals have demonstrated that extracts of mangosteen have antioxidant, antitumoral, antiallergic and anti-microbial activities (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . Although currently there are no clinical studies, mangosteen products are marketed to cancer patients as anti-cancer agents (13) . Xanthones are major bioactive compounds in mangosteen. Studies have shown that mangosteen xanthones (i.e. α-mangostin, gartanin, etc) inhibited the growth of breast, prostate and colon cancer, sarcoma, glioma, melanoma and leukemia cell lines via cell cycle arrest and apoptosis induction (14) (15) (16) (17) (18) (19) (20) (21) (22) . Molecular mechanisms of mangosteen xanthones' anti-cancer effects were involved in inhibition of AKT, MAPK, and NF-κB pathways (16, 19, 22, 23) . However, naturally occurring compounds, including mangosteen xanthones, are often limited by their poor bioavailability for in vivo potency (24, 25) . Although studies have shown that mangosteen xanthones are concentrated in urine after consumption of mangosteen products (25) , there are no reports regarding the effect of mangosteen xanthones on bladder cancer. In addition, mangosteen xanthones have shown potent α-glucosidase inhibitory activity and decreased glucose levels in streptozotocin-induced hypoglycemia rats (26) , which suggested their potential involvement in energy metabolism (27) . The mTOR pathway is a central pathway for energy metabolism and is one of the most commonly deregulated pathways in human urinary bladder cancer through Ras oncogene activation or via gene mutations in PIK3CA, TSC1/2, and PTEN (28) (29) (30) (31) (32) (33) (34) . Taken together, these evidences have prompted us to investigate the effect of mangosteen xanthones on bladder cancer cells and the potential mechanisms of their action associated with the mTOR pathway.
In this study, we have shown that mangosteen xanthones (i.e. gartanin and α-mangostin) inhibited the growth of cancer cell lines derived from different stages of human urinary bladder cancer via induction of autophagy and apoptosis. The growth inhibitory effect of gartanin on mouse embryonic fibroblasts (MEFs) is at least in part dependent on the existence of p53 and TSC1. Further studies demonstrated that gartanin reduced the phosphorylation levels of 4E-BP1 and p70S6, suggesting inhibition of the mTOR pathway.
In addition, gartanin induced the expression of p53 and Bax protein, leading to activation of caspase cascade and apoptosis in RT4 cells.
Materials and Methods

Cells, Compounds, and Reagents
T24, RT4, UMUC3, 5637, TCCSUP, HT1376 and J82 cell lines were obtained from American Type Culture Collection (Manassas, VA). RT4 and T24 cells were cultured in McCoy's 5A growth medium, with 10% fetal bovine serum (FBS) added. 5637 and J82 cells were maintained in RPMI 1640 with 10% FBS. J82, UMUC3, TCCSUP, and HT1376 cell lines were cultured in EMEM medium containing 10% FBS. p53+/+, p53−/−, p53−/ −TSC2−/−, p53−/−TSC2+/+, TSC1−/−, and TSC1+/+ MEFs were gifts from David Kwiatowski (Brigham Women's hospital). All MEFs were spontaneously immortalized (35) and cultured in DMEM medium with 10% FBS. The gartanin (MW=396.44 g/mol) and α-mangostin (MW=410.46 g/mol) compounds were obtained from ChromaDex (Irvine, CA). To prevent unintended anti-proliferation of cells, the concentration of DMSO in culture was kept below 0.1% (v/v) at all times; this concentration is known to have no appreciable effect on cell proliferation. The pEGFP-LC3 plasmid was purchased from Addgene (Cambridge, MA). Antibodies for phospho-AMP-activated protein kinase α (AMPKα), AMPKα, phospho-4E-BP1, 4E-BP1, phospho-rpS6, phospho-ACC, ACC, Caspase 3, PARP, phospho-mTOR, mTOR, TSC1, TSC2, p21, p70S6, phospho-p70S6, and p62 were purchased from Cell Signaling Technologies (Beverly, MA). Bcl-2, Bax, p53, and α-Tubulin antibodies were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Thymidine, 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was purchased from Sigma (St. Louis, MO).
MTT Assay
Cells were plated in 24-well culture plates at 2×10 4 cells per well into growth medium with 10% FBS. After 24 hours, the growth medium was replenished, and the appropriate amounts of gartanin or α-mangostin were added to each well to treat cells for 3 days, as per the appended figures or tables. After treatments, MTT was added to each well at a final concentration of 1 mg/mL; the cells were then incubated at 37°C for 3 hours. The absorbance of each sample was determined at 570 nm. IC 50s were estimated using the best fit regression curve method in Excel.
Western Blot Analysis
Cells were treated with gartanin under appropriate conditions, defined in appended tables or figures. Clarified protein lysates (30-100 μg) were prepared from the treated cells and denatured at 95°C for 5 minutes. Denatured protein samples were then resolved using 6-16% SDS-PAGE, then transferred to nitrocellulose membranes, probed with appropriate antibodies, and visualized with a chemiluminescence system on x-ray film (36) .
Stable Transfection and Fluorescence Microscopy (37)
T24 cells were plated to 100 mm culture plates. Once plates reached 60% confluency, the cells were transfected with pEGFP-LC3 using FuGENE 6 from Roche Applied Scientific (Indianapolis, IN). Transfected cells were then selected using the antibiotic G418 (800 μg/ mL) beginning 48 hours after initial transfection. All stable transfectants were then pooled as a means of avoiding artifact cloning. T24 cells stably expressing pEGFP-LC3 were cultured in chamber slides. The cells were treated with chloroquine and gartanin, and then fixed in 4% paraformaldehyde solution for 20 minutes, followed by methanol for 2 minutes. The microscopy slides were mounted in Vector shield medium (Vector Laboratories, Inc., Burlingame, CA). A Nikon Eclipse TE2000-S (200x magnification) fluorescent microscope was used to analyze the immunostained samples using 488-excitation wavelength. Autophagic cells were quantified by counting cells with >10 GFP-LC3 punctuate dots as positive. Triplicates of 100 cells were counted and averaged (mean ± SD).
DAPI Nuclear Staining
T24 cells were grown in culture slides and treated with gartanin for 48 hours. After treatment, cells were then rinsed in PBS, and fixed in 4% paraformaldehyde. Fixed cells were mounted in Vector shield medium containing DAPI and visualized with a Nikon Eclipse TE2000-S microscope under UV light. Apoptotic cells were identified by the condensation and fragmentation of their nuclei.
Electron Microscopy (37)
After treatment with chloroquine and gartanin, cells were pelletized, fixed in 1.6% glutaraldehyde, post-fixed in 1% OsO 4 , and then dehydrated in alcohol series. The resultant samples were then embedded in epoxy resin. Sections of the sample were contrasted with uranyl acetate and lead citrate. Observations were conducted with either a Jeol 1400 with mounted CCD cameras (Morada, Olympus SIS, Münster, Germany), or with a Philips CM12 electron microscope operating at 80 kV (FEI)
Statistics
Microsoft Excel software was used to compute mean and standard deviations of all quantitative data. Cell viability comparisons between treated and untreated (control) cells were accomplished using either analysis of variance (ANOVA) or Student's t-test. All statistical measures were two-sided, and P-values <0.05 were considered to be statistically significant.0
Results
Mangosteen xanthones (i.e. gartanin and α-mangostin) inhibits the growth of bladder cancer cell lines in a dose-dependent manner Cancer cell lines derived from different stages (Ta to T4) of human urinary bladder cancer were treated with variable concentrations of gartanin and α-mangostin to examine their antibladder cancer efficacy in vitro. After treatments, cell viability was determined quantitatively via MTT assay; all viability percentages are presented relative to their respective vehicle controls. RT4 cells harbor wild-type p53 but do not express TSC1 or TSC2 at any appreciable level (37, 38) . T24, UMUC3, HT1376, 5637, and J82 cell lines were derived from different stages (T2-T4) of muscle-invasive urinary bladder tumor samples (37, 38) . TCCSUP is a bone metastatic bladder cancer cell line (38) . T24, UMUC3, HT1376, 5637, and TCCSUP cell lines all have mutant p53 and express TSC1 and TSC2. J82 cells have mutant p53 but don't express TSC1/2 (38) . Figure 1B shows that both gartanin and α-mangostin inhibit the growth of bladder cancer cell lines in a dose-dependent fashion. The IC 50s of gartanin on the growth of these cell lines range from 4.1 to 18.1 μM. For α-mangostin, the range is from 7.0 to 9.8 μM. It appears that there is little difference in the growth inhibitory effects of these two compounds on different bladder cancer cell lines, although the genetic backgrounds of these cell lines are quite different ( Figure 1C) . These results suggest that mangosteen xanthones (i.e. gartanin and α-mangostin) may either target multiple pathways for their growth inhibitory effects or have a non-specific cell damage effect.
The growth inhibitory effect of gartanin is at least in part dependent on the existence of TSC1 and p53 in MEFs
Since cancer cell lines have multiple genetic alterations, it is difficult to identify the potential mechanisms of a compound's action using a multiple pathway converging endpoint assay (i.e. cell growth inhibition) if the tested compound has multiple targeting effects. Therefore, to execute experimental rigor, primary MEFs from p53, TSC1 or TSC2 knockout mice (35) were used to examine the requirements of these molecules for the growth inhibitory effect of gartanin. Figures 2A and B show that p53 and TSC1 knockout MEFs are significantly less sensitive to the growth inhibitory effect of gartanin (The IC 50 for wild-type MEFs is about 12.3μM; whereas the IC 50s for p53 and TSC1 knockout MEFs are about 18.5 and 31.2 μM, respectively; Student t test, Ps<0.05). Under the p53 deficient condition, loss of TSC2 in MEFs is more sensitive to the growth inhibitor effect of gartanin ( Figure 2C ). These results suggest that the growth inhibitory effect of gartanin in MEFs at least in part requires the existence of p53 and TSC1.
The effect of gartanin on the mTOR pathway in T24 and RT4 cells
We next examined whether gartanin treatment resulted in a change in expression levels of molecular components along the mTOR pathway. In T24 cells, Figure 3 shows that gartanin significantly increases phosphorylation levels of AMPKα and slightly reduces phosphorylation levels of the mTOR. It appears that the change in AMPKα and the mTOR is not due to the expression of their total proteins. In RT4 cells, gartanin did not significantly change phosphorylation levels of the mTOR and AMPKα (Figure 3 ), while gartanin treatment resulted in a dose-dependent decrease of both phospho-AKT and total AKT levels. However, protein expression levels of total 4E-BP1 and p70S6 in both RT4 and T24 cells are highly or completely inhibited by gartanin treatment at concentrations of 15 and 20 μM (Figure 3) . These results indicate that gartanin inhibits the down-stream events (p70S6 and 4E-BP1) of the mTOR pathway via two different mechanisms in T24 and RT4 cells: activation of AMPKα and inactivation of AKT, respectively.
Gartanin induces autophagy in T24 cells
The mTOR pathway critically regulates the energy balance and autophagy as a survival pathway (33) . We therefore examined whether inhibition of the mTOR pathway by gartanin led to induction of autophagy. T24 cells were stably transfected with pEGFP-LC3 to observe fluorescent LC3 protein. During autophagocytosis LC3 protein migrates from the intracellular cytoplasm to autophagic vesicles, thus concentrated vesicles of fluorescent LC3 indicate autophagy (38) . Figure 4A shows that chloroquine (an autophagy inhibitor that is known to induce defective autophagosomes by blocking the fusion of autophagic vesicles with lysosomes) and gartanin treatment at a concentration of 50 μM and 10μM for 8 hours, respectively, increased the presence of LC3-GFP puncta in T24 cells stably expressing pEGFP-LC3. Transmission electron microscopy of chloroquine-and gartanin-treated T24 cells reveals a visible increase in the number and size of intracellular autophagic vesicles and vacuoles ( Figure 4B ). Quantitative analysis of the percentage of T24 cells with autophagosome formation under microscopy indicates that 50 μM chloroquine and 10 and 25 μM gartanin treatments for 8 hours resulted in a marked increase in the number of T24 cells with autophagosome formation by about 71%, 66% and 86%, respectively, whereas control treatment only have about 11% of cells with autophagosome formation (Figure 4C , ANOVA, Ps < 0.01). The induction of autophagy by gartanin was further confirmed by Western blotting analysis, showing that gartanin decreased the expression levels of phosphoAcetyl CoA Carboxylase (ACC) and induced cleavage of LC-3II. These results demonstrated that gartanin is a potent autophagy inducer.
Gartanin induces apoptotic cell death in T24 and RT4 bladder cancer cell lines
We next determined whether gartanin also induced apoptotic cell death in human urinary bladder cancer cell lines T24 and RT4. As shown in Figure 5A , gartanin treatment at a concentration of 20 μM for 48 hours significantly increased the number of T24 cells with apoptotic morphology (i.e. cell shrinkage and rounding up, as well as nuclear fragmentation and condensation) by about 40.8%, compared to 6.1% in control (Student t test, P<0.01). Western blotting analysis revealed that gartanin decreased the expression of Bcl-2 and increased the cleavage of both Caspase 3 and PARP ( Figure 5B ).
Gartanin treatment of RT4 cells with wild-type p53 resulted in up-regulation of p53 and its target gene (i.e. Bax and PUMA) expression and down-regulation of Bcl-2 expression, leading to the cleavage of both Caspase 3 and PARP ( Figure 5C ). Taken together, gartanin induces apoptosis in both p53 wild-type and mutant bladder cancer cell lines.
Discussion
Nutraceutical juice beverages, including mangosteen, pomegranate, acai and noni juices, have recently become a rapid growing section of the US beverage market (13) and have gained considerable attention as cancer chemopreventive agents. The extract of mangosteen and its active components (i.e. xanthones) have demonstrated their activities against the growth of prostate, breast, and colon cancer, sarcoma, glioma and leukemia cells (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) . In addition, a pharmacokinetics study of healthy adults who drank 100% mangosteen juice have shown that mangosteen xanthones were excreted through the urinary tract and concentrated in urine with a concentration of up to 11.1 μmol/L, while the maximum concentration of xanthones in plasma was only about 113 nmol/L (25) . In this study, we have shown that mangosteen xanthones at pharmacologically achievable concentrations effectively inhibited the growth of cancer cell lines from different stages of human urinary bladder cancer. Our results in combination with available pharmacokinetic data and human acceptance of mangosteen xanthones suggested that mangosteen juice and/or mangosteen xanthones deserve further investigation as a novel nutraceutical product for bladder cancer chemoprevention in particular.
Previous studies have shown that mangosteen xanthones affected multiple pathways, including AKT, MAPK, and NF-κB pathways, for their effect on induction of apoptosis in cancer cells (16, 19, 22, 23) . To our best knowledge, we are the first to report that gartanin, one of major xanthones in mangosteen, induces autophagy in bladder cancer cell lines by targeting the mTOR pathway. Mangosteen xanthones (i.e. gartanin and α-mangostin) appear to inhibit the growth of bladder cancer cell lines with different genetic backgrounds with equal potency. In addition, using p53, TSC1 and TSC2 knockout MEFs, we demonstrated that the growth inhibitory effect of gartanin requires existence of both p53 or TSC1. Taken together, these results suggested that gartanin is a multi-targeting agent that affects p53, mTOR, AKT, MAPK, and NF-κB pathways and has anti-oxidant properties. Recently, Dr. Wu and his associates (40) demonstrated in mouse transgenic models of urothelial carcinoma of the bladder (UCB) that activated Ha-ras or a Simian virus 40 T antigen (SV40T) alone at low gene dosages were insufficient to initiate early-onset UCB and that deregulation of multiple signaling pathways via disabling p53 and pRb family proteins and expressing mutant H-Ras together is required for initiating high-grade papillary UCB. This high-grade papillary UCB in this mouse model strongly recapitulated pTaG3 human urinary bladder cancer that is a major challenge in clinical management of human urinary bladder cancer (41, 42) . Dr. Wu and his associates (40) also have shown that inhibition of AKTmTOR, MAPK and STAT3 altogether resulted in much greater tumor reduction and longer survival than did inhibition of AKT-mTOR pathway alone in the mutant-Ha-ras/SV40T transgenic UCB model. These results indicated that agents inhibiting multiple signaling targets had a better therapeutic effect than inhibiting a single target at least in animal models. Therefore, mangosteen xanthones deserve further testing in this model for its usefulness in prevention of high-grade papillary UCB.
The PI3K-AKT-mTOR pathway has been shown to be over-activated in a large portion of high-grade and late-stage human urinary bladder tumors (34) . Therefore, targeting the mTOR pathway may have major impact in bladder cancer prevention. In this study, we have shown that gartanin markedly down-regulated expression of p70S6 and 4E-BP1 in both T24 and RT4 cells. The genetic backgrounds in these two cell lines are very different. T24 cells harbor mutant p53 and wild-type TSC1/2 (a upstream component of the mTOR pathway), whereas RT4 cells have wild-type p53 and lack of TSC1/2 due to gene deletion. In T24 cells, gartanin activated AMPKα and then caused the inhibition of the mTOR pathway to down-regulate the expression of p70S6 and 4E-BP1. In RT4 cells, it appears that the decreased expression of p70S6 and 4E-BP1 by gartanin may be due to the inhibition of AKT activation. The underlying mechanism for these differences remains unclear. Further studies are still in progress to investigate the difference of the gartanin's effect on the mTOR pathway in these two cell lines.
Members of the Bcl-2 family of proteins are central regulators of the apoptotic pathway (43) . Bcl-2 is a potent suppressor of apoptosis by interacting with Bax and preventing the opening of the mitochondrial pore to release cytochrome C and to activate the caspase-3 cascade (43). Bcl-2 was found to be silenced in human urinary bladder tumors compared with nonmalignant adjacent tissue (44) . Bcl-2 expression predicted a poor response to neo adjuvant chemotherapyand synchronous chemoradiotherapy (45) . We have shown that gartanin decreased the expression of Bcl-2 in both T24 and RT4 cells. The mechanism of gartanin-regulated Bcl-2 expression remains unclear and needs to be further investigated.
In summary, gartanin inhibits the growth of bladder cancer cell lines with different genetic backgrounds via targeting multiple pathways: 1) inhibits the mTOR pathway leading to reduction of p70S6 and 4E-BP1 and induction of autophagy, and 2) down-regulates the expression of Bcl-2 and up-regulates expression of p53, PUMA and Bax resulting in apoptosis ( Figure 6 ). Since gartanin has apoptotic effects on bladder cancer cells regardless of p53 expression, it could prove to be a useful broad-spectrum preventive agent for bladder cancer. Further experiments are needed to investigate the potential of gartanin in chemoprevention of human urinary bladder cancer. The effect of mangosteen xanthones (i.e. gartanin and α-mangostin) on the growth of human urinary bladder cancer cell lines (RT4, T24, 5637, UMUC3, HT1376, J82 and TCCSUP). A, chemical structures of gartanin or α-mangostin. B, cells in 24-well culture plates were treated with 0.1% DMSO, gartanin or α-mangostin at the indicated concentrations. After 72 hours of treatment, cell densities were measured by MTT assay. Each point is the mean of values from four independent plates; bars, SD. Each sample was counted in duplicate. C, IC 50s were estimated by the best fit regression curves in excel. Abbreviations: WT, wildtype; MT, mutant allele. The effect of gartanin on the mTOR pathway in RT4 and T24 cells. T24 and RT4 cells were treated with 0.1%DMSO or gartanin at indicated concentrations for 24 hours. After treatments, cell lysates were prepared and analyzed by Western blot. α-Tubulin was detected as a loading control. A representative blot was shown from three independent experiments. The density of each protein band was determined using NIH J imaging. The density of each band was adjusted by corresponding α-Tubulin. The density ratio (DR) for each treatment was calculated by dividing by the adjusted density of corresponding control bands. All density ratios were placed below their western blot bands. Gartanin induces apoptosis in RT4 and T24 cells. A, T24 cells were treated with vehicle control or 20 μM gartanin for 8 h. After treatments, cells were fixed, and stained with DAPI and then examined by a light microscopy and a fluorescence microscopy. Representative photographs are shown. B, T24 cells were treated with vehicle control or gartanin at indicated concentrations for 24 hours. Bcl-2 expression and caspase-3 and PARP cleavages were analyzed by Western blotting analysis. C, RT4 cells were treated with vehicle control or gartanin at indicated concentrations for 24 hours. p53, PUMA, Bax and Bcl-2 expression, as well as caspase-3 and PARP cleavages were analyzed by Western blotting analysis. Schematic presentation of mechanisms of gartanin's action in induction of autophagy and apoptosis. (1) Gartanin activates AMPK α and inhibits AKT activation, which causes downregulation of p70S6 and 4E-BP1 leading to autophagy; (2) Gartanin down-regulates Bcl-2 and up-regulates p53, PUMA and Bax, which results in activation of Caspase-3 and PARP cleavages to induce apoptosis.
